Abstract. The cadherin family consists of several homophilic adhesion molecules that, together with their intracellular binding partners the catenins, are known to mediate axonal navigation, target recognition, and synapse formation during development. Here, we have examined the potential role of these molecules in axonal sprouting induced in the adult brain. Over a period of 3 to 60 days, an episode of pilocarpine-induced status epilepticus (SE) led to sprouting of hippocampal mossy fibers both into the CA3 pyramidal cell layer and the inner molecular layer of the dentate gyrus (DG). We found focal up-regulation of N-cadherin, ß-catenin, and ␣-catenin immunoreactivity within segments of the CA3 pyramidal cell layer with pronounced neuron loss that was associated with the development of mossy fiber sprouting. In contrast, expression of these 3 molecules was unaltered in the DG molecular layer despite mossy fiber sprouting in this area. The levels of E-cadherin immunoreactivity were altered prior to the detection of mossy fiber sprouting, with a general reduction in the neuropil and increased expression in CA1/CA3 pyramidal cell somata. Our results imply that members of the cadherin/catenin families undergo specific spatiotemporal patterns of regulation, which may be important in axon target recognition and synapse formation during lesion-induced sprouting.
INTRODUCTION
The capacity of central neurons for axonal outgrowth and formation of synaptic contacts is of central importance in the immature mammalian brain, but diminishes markedly during maturation (1) . This finding is thought to be due to a multitude of factors, e.g. the absence of permissive trophic factors and the presence of inhibitory factors in the mature brain (2) (3) (4) . Following brain injury, however, neurons seem to regain some of their capacity for functional and structural modification. Different forms of injury to the mature brain have been shown to trigger both reactive sprouting of axons and formation of new synapses. However, the molecules and mechanisms that control these lesion-induced processes are not completely understood. Many studies support the concept that molecules promoting axonal outgrowth, axonal sorting, and synapse formation during development (e.g. cell adhesion molecules) may also be involved in lesion-induced reactive neuronal sprouting and synaptogenesis (3) .
Cadherins are a family of mainly homophilic cell surface glycoproteins mediating cell-cell adhesion. They typically consist of a highly conserved cytoplasmic domain, a transmembrane domain, and an extracellular domain that contains repeated calcium-binding subdomains. Cadherins promote cell-cell adhesion by a complex set of calcium-dependent interactions occurring in the extracellular domain. In addition, adhesion requires the cytoplasmic domain that couples extracellular adhesion to cytoskeletal actin via catenins (5) (6) (7) (8) (9) . Cadherins, together with their intracellular binding partners the catenins, have been shown to mediate axonal navigation, axon target recognition, and synapse formation during brain development (10) (11) (12) (13) (14) . However, it is still unclear whether lesion-induced reactive axonal sprouting and synaptogenesis are likewise promoted by the cadherin/catenin system.
In the present study, we have focused on 2 classic cadherins, N-and E-cadherin, and their binding partners ␤-and ␣-catenin, all of which are expressed at synapses of the brain (15) (16) (17) . We have examined the role of these proteins in axonal sprouting and synaptogenesis induced in the adult rat by an episode of pilocarpine-induced status epilepticus (SE). In this model, SE reliably causes selective neuronal cell loss in the hilus, CA3, and CA1 subfield of the hippocampus with reactive mossy fiber sprouting and synaptic reorganization in these regions (18) (19) (20) .
MATERIALS AND METHODS

Pilocarpine Treatment of Rats
Adult male Wistar rats (30 days; 120-140 g; Charles River, Sulzfeld, Germany) were injected with methyl-scopolamine (1 mg/kg, i.p.; Sigma, Taufkirchen, Germany) 30 min prior to pilocarpine injection to block peripheral muscarinic effects. Pilocarpine (340 mg/kg; Sigma) was administered intraperitoneally. All animals were observed for a time period of 6 hours (h) after injection. Pilocarpine-treated rats showed an onset of seizure activity 5 to 60 min after pilocarpine administration. Seizures were rated according to the scale of Racine (21 was defined as continuous limbic motor seizures of stage 2 or higher. All animals included in this study (n ϭ 35) showed SE. After a duration of 40 min, SE was interrupted by injection of diazepam (4 mg/kg, i.p.; Roche, Basel, Switzerland). Rats injected with saline vehicle instead of pilocarpine (sham injected control animals; n ϭ 7) and age-matched untreated rats (naïve control animals; n ϭ 14) were used as controls.
Tissue Preparation
Pilocarpine-treated rats were decapitated under diethyl ether (Sigma) anesthesia at 3, 6, 10, 20, 30, 45 , and 60 days after SE (n ϭ 5 at each timepoint). Sham injected (n ϭ 1 at each timepoint) and naïve control rats (n ϭ 2 at each timepoint) were killed in parallel. Four hundred m vibratome slices were prepared for Timm's staining. The remaining tissue was fixed in 4% paraformaldehyde/phosphate-buffered saline (PBS; Sigma) for 18 h at 4ЊC for immunohistochemistry.
Immunohistochemistry
Immunohistochemistry for N-cadherin (1:50; monoclonal antibody [mAb], Zymed, San Francisco, CA), E-cadherin (1:50; mAb, Transduction Labs, Heidelberg, Germany), ␣-catenin (1: 20; mAb, Zymed), and ␤-catenin (1:1,000; mAb, Transduction Labs) was carried out on 4-m-thick paraffin sections. All specimens included in this study were stained under identical conditions for each antibody. Deparaffinized slides were incubated in 2% hydrogen peroxide/PBS (Sigma) for 30 min and rinsed in PBS. For N-cadherin, ␣-catenin, and ␤-catenin, slides were transferred into 0.01 M citrate buffer, pH 6.0, and boiled twice for 5 min in a microwave oven. For E-cadherin labeling, sections were incubated in 0.05 M Tris-buffer, pH 7.4, containing 0.05% protease (Sigma) for 2 min at 37ЊC. Preincubation in 2% normal horse serum (Vector Labs/Alexis, Grünberg, Germany), 10% fetal calf serum (Seromed, Karlsruhe, Germany), and 5% non-fat dry milk (Bio-Rad Laboratories, Munich, Germany) in PBS as a blocking reagent was followed by incubation with the respective primary antibodies overnight at 4ЊC. Binding of primary antibodies was detected by the Avidin-Biotin-Complex peroxidase method (ABC Elite, Vector Labs/Alexis), using 3,3Ј-diaminobenzidine (Sigma) as a chromogen. While 1 set of slides from all specimens was not counterstained, a parallel set of slides from the identical specimens was counterstained with hematoxylin. Control experiments included omission of primary antibodies as well as substitution of the respective primary antibody by equivalent dilutions of nonimmune mouse IgG serum (Dako, Hamburg, Germany) using the same staining protocol and were devoid of immunoreaction product. For the evaluation of pilocarpine-induced hippocampal neuronal cell loss, hematoxylin and eosin (H&E) stains were carried out for all specimens.
Timm's Staining
Four hundred-m-thick brain slices were incubated subsequently in 0.1% sodium sulfide for 10 min, 0.3% glutaraldehyde/PBS (Sigma) for 10 min, 70% ethanol for at least 4 h, 30% sucrose/PBS overnight, and cut at 16 m on a cryostat. After rinsing in PBS, mounted sections were incubated in developing solution according to Haug (22) for 45 to 60 min and counterstained.
Densitometric Analysis of N-Cadherin and E-Cadherin Immunoreactivities
For further analysis of the changes observed qualitatively for N-and E-cadherin staining intensities in the CA3 neuropil, all specimens were subjected to semiautomatic imaging analysis using a Vanox microscope (Olympus, Hamburg, Germany) equipped with a CCD video camera (Sony, Cologne, Germany) and the IP Lab imaging analysis software (Signal Analytics Corporation, Vienna, Austria). Specimens were scanned at a magnification of ϫ400 within the identical area of the microscope stage, thus providing equal light conditions for the CCD video camera. Optical densities of the respective regions of interest (ROI), including neuropil of CA3 stratum lucidum and neuropil of adjacent CA3 stratum lacunosum, were automatically recorded as values on a gray scale ranging from 0 (black) to 255 (white). In each specimen, 5 adjacent ROIs per stratum lucidum and 5 adjacent ROIs per stratum lacunosum were recorded. Extrahippocampal white matter regions devoid of specific immunoreaction product served as reference values. The optical density of specific immunoreactivity in the evaluated ROIs was determined by subtraction with the respective reference value and averaged. All data were analyzed statistically using the statistical software package SPSS (SPSS Inc., Munich, Germany). Values were expressed as mean Ϯ standard error of the mean (SEM). Significant group effects were proven by multivariate ANOVA (MANOVA). Group comparison was carried out using a two-tailed Student t-test as well as the nonparametric Mann-Whitney U-Wilcoxon Rank Sum W-test. The level of significance was set at p Ͻ 0.05.
RESULTS
Hippocampi of Pilocarpine-Treated Rats Show
Selective Neuronal Cell Loss and Reactive Mossy Fiber Sprouting H&E and Timm's staining were performed to evaluate pilocarpine-induced neuronal cell loss and reactive mossy fiber sprouting. All naïve (n ϭ 14) and sham injected (n ϭ 7) control animals showed normal hippocampal morphology (Fig. 1A) . In contrast, hippocampal specimens of pilocarpine-treated rats (n ϭ 35) were characterized by selective neuronal cell loss in the hilus, CA3, and CA1 region (Fig. 1B) , the degree of which varied from nondetectable to minor loss of neurons predominantly in the hilar and CA3 region at day 3 after SE, to severe neuron loss of the hilus, CA3, and CA1 at day 60 after SE (Table). For visualization of the mossy fiber system we used Timm's staining, which involves the precipitation of Zn 2ϩ in the Zn 2ϩ -rich hippocampal mossy fiber tract as insoluble sulfides and their subsequent intensification by silver deposition (22) (23) (24) . In all naïve and sham control animals the mossy fiber system, as visualized by the dark granular silver deposits, was confined to the hilus and the stratum lucidum of the CA3 region with a clear tapering demarcation towards the proximal border of CA3 ( Fig. 2A) . In hippocampal specimens of pilocarpine-treated rats, the dark granular silver deposits were additionally found in the CA3 pyramidal cell layer, CA1, and in the inner molecular layer of the dentate gyrus (DG), indicating sites of reactive mossy fiber sprouting (Fig. 2B ). The extent of mossy fiber sprouting in the CA3 pyramidal cell layer increased markedly over time, with non-detectable sprouting at day 3 and extensive sprouting at day 60 after pilocarpine-induced SE (Fig. 2C , D-G; Table) . Similarly, the degree of mossy fiber sprouting in the inner molecular layer of the DG increased progressively from day 3 to day 60 after SE ( 
* 0/ϩ/ϩϩ/ϩϩϩ: non-detectable/minor/strong/very strong neuronal cell loss or sprouting in CA3 stratum pyramidale; →/↑/↓: not changed/increased/decreased immunoreactivity compared to control rats.
Fig. 2.
Visualization of the mossy fiber system by Timm's staining. A: Hippocampus of a sham control animal. The mossy fiber system is visualized by dark granular silver deposits in the hilus and in the stratum lucidum of the CA3 region with a clear tapering demarcation towards the proximal border of CA3. B: Hippocampus of a pilocarpine-injected rat killed at day 30 after SE. The dark granular silver deposits are not confined to the stratum lucidum of CA3, but are additionally found in the CA3 stratum pyramidale, CA1, and in the inner molecular layer of the DG, indicating sites of reactive mossy fiber sprouting. C-G: Sector of magnified view is delineated in (A) by left rectangle. The extent of mossy fiber sprouting in the CA3 pyramidal cell layer increases continually beginning from day 6 after SE. Control (C), day 3 (D), day 6 (E), day 10 (F), and day 30 (G) after SE. H-L: Sector of magnified view is delineated in (A) by right rectangle. The extent of mossy fiber sprouting in the DG inner molecular layer increases continually beginning from day 3 after SE. Control (H), day 3 (I), day 6 (J), day 10 (K), and day 30 (L) after SE. Counterstained with toluidine blue. Scale bar in B ϭ 1 mm.
CADHERINS/CATENINS AND AXONAL REORGANIZATION
J Neuropathol Exp Neurol, Vol 61, October, 2002 neuropil with regional differences in staining intensity (Fig. 3A) . In the DG, the inner and outer thirds of the molecular layer were strongly labeled, whereas less intense immunoreactivity was seen in the middle third of the molecular layer. In CA3, a clear demarcation between the less intensely stained stratum lucidum and the stratum lacunosum-moleculare was observed (Fig. 3A, arrowheads) . Neuronal cell bodies of the DG, hilus, CA3 (Fig.  3C) , and CA1 (Fig. 4A) regions were weakly labeled.
After pilocarpine-induced SE, changes of N-cadherin immunoreactivity were observed that appeared to occur in parallel with the progressive neuronal cell loss and mossy fiber sprouting in CA3 (Table) . At day 3 after SE, we still observed a clear demarcation between the less intensely stained stratum lucidum and the stratum lacunosum-moleculare similar to control animals. At day 6 after SE, those animals, which in addition to minor CA3 neuron loss also showed a small degree of mossy fiber sprouting in CA3, displayed increased neuropil staining of the stratum lucidum in the affected segment of CA3. Likewise, in hippocampi with pronounced loss of neurons and mossy fiber sprouting in CA3 (rats killed at day 10, 20, 30, 45, and 60 after SE), staining of the stratum lucidum increased in the affected CA3 segments, resulting in the disappearance of the border between stratum lucidum and stratum lacunosum-moleculare (Fig. 3B , arrow). These qualitative changes were confirmed by densitometric analysis of staining intensities in the CA3 neuropil of the stratum lucidum and adjacent stratum lacunosum (Fig. 3M) .
Closer examination revealed focal increases in N-cadherin immunoreactivity within the neuropil of segments of the CA3 pyramidal cell layer affected by neuronal cell loss at days 10 to 60 after SE (Fig. 3C-G) . Parallel sections of the identical specimens stained for N-cadherin and additionally counterstained with hematoxylin confirmed that these focal increases in N-cadherin immunoreactivity were located in the neuropil and not in neuronal or glial cell bodies (not shown). Thus, these changes are observed at timepoints at which mossy fiber sprouting into the CA3 pyramidal cell layer is observed (Fig. 2C-G) . Interestingly, no obvious increases in N-cadherin immunoreactivity were observed within the DG inner molecular layer at any timepoint (Fig. 3H-L) , despite the pronounced mossy fiber sprouting in this area (Fig. 2L) .
Within the CA1 pyramidal cell layer, focally increased N-cadherin neuropil staining in areas with neuronal cell loss was observed, similar to the changes in the CA3 region at day 30 after SE (Fig. 4B) . Parallel sections of the identical specimens stained for N-cadherin and additionally counterstained with hematoxylin confirmed that these focal increases in N-cadherin immunoreactivity were located in the neuropil and not in neuronal or glial cell bodies (not shown). Interestingly, enhanced N-cadherin staining was sporadically found in some hilar and CA3 neuronal cell bodies of the pilocarpine groups killed at day 3 (2/5 animals) and at day 6 (2/5 animals) after SE (Fig. 3E) . This was not observed in groups killed at later timepoints after SE.
In Hippocampi with Neuronal Cell Loss and Reactive Mossy Fiber Sprouting, E-Cadherin Immunoreactivity is Down-Regulated in the Neuropil, But Up-Regulated in Surviving Neurons
In naïve and sham control animals, E-cadherin immunoreactivity was observed in vascular endothelial cells, neuronal cell bodies and neuropil. Vascular endothelial cells were strongly stained in all hippocampal regions, while the majority of neuronal cell bodies was weakly to moderately labeled. The neuropil showed moderate staining in the DG molecular layer, hilus, and CA3 region (Fig. 5A) . In CA3, a clear demarcation between the more intensely stained stratum lucidum and the stratum lacunosum-moleculare was observed (Fig. 5A , arrowheads).
In the hippocampi of all pilocarpine-treated animals, vascular endothelial cells were strongly immunoreactive in all hippocampal regions (Fig. 5B) . Compared to control hippocampi, staining intensity of the neuropil was generally reduced in pilocarpine-treated animals of all groups at day 3 to day 60 after SE (Table) . This reduction of immunoreactivity intensity was particularly conspicuous in the neuropil of the dentate gyrus molecular layer, hilus, and CA3 stratum lucidum. In addition, the border between stratum lucidum and stratum lacunosum-moleculare was no longer detectable in those segments of the CA3 region with neuronal cell loss (Fig. 5B) . This qualitative alteration was confirmed by densitometric analysis of staining intensities in the CA3 neuropil of the stratum lucidum and adjacent stratum lacunosum (Fig. 5H) .
In parallel to the reduction of neuropil labeling intensity, staining for E-cadherin was markedly up-regulated in cell bodies of surviving CA3 (Fig. 5C-G ) and CA1 neurons (Fig. 4C, D) .
␤-Catenin Immunoreactivity is Focally Increased in Hippocampal Areas with Neuronal Cell Loss and Reactive Mossy Fiber Sprouting
In the hippocampi of naïve and sham control animals, ß-catenin immunoreactivity was observed in neuronal cells and neuropil. All hippocampal regions revealed weakly labeled neuronal cell bodies and nuclei, while the neuropil was moderately stained (Fig. 6A) . In the hippocampi of pilocarpine-treated animals, ␤-catenin was focally increased in the neuropil of the pyramidal cell layer of CA3 segments affected by neuron loss, starting from 10 days after SE (Fig. 6C-G) . The extent of this increase appeared to correlate with the degree of CA3 neuron loss. A similar, but less prominent enhancement of ␤-catenin A: Hippocampus of a sham control rat. N-cadherin staining is mainly found in the neuropil with regional differences in staining intensity. In the DG, the inner and outer thirds of the molecular layer are strongly labeled, whereas less intense immunoreactivity is seen in the middle third of the molecular layer. In CA3, a clear demarcation between the less intensely stained stratum lucidum and the stratum lacunosum-moleculare is found (arrowheads). Neuronal cell bodies of the DG, hilus, CA3, and CA1 region are weakly labeled. B: Hippocampus of a pilocarpine-treated rat with pronounced loss of CA3 and CA1 neurons killed at day 30 after SE. In the CA3 segments affected by neuronal cell loss, staining of the stratum lucidum is enhanced, resulting in the disappearance of the border between stratum lucidum and stratum lacunosum-moleculare (arrow). In addition, the neuropil within the pyramidal cell layer of the affected CA3 and CA1 segments shows focally increased immuno- 
two-tailed Student t-test).
Beginning from day 6 after SE, neuropil staining of the stratum lucidum in CA3 segments affected by neuronal cell loss and mossy fiber sprouting is markedly increased, resulting in staining intensities similar to the adjacent stratum lacunosum. Thus, in these affected CA3 areas, the border between stratum lucidum and stratum lacunosum disappears. Scale bars: B ϭ 1 mm; G ϭ 20 m; L ϭ 40 m.
staining was also found in the neuropil within the pyramidal cell layer of CA1 segments affected by neuron loss (Fig. 4E, F) . Thus, the changes of ␤-catenin immunoreactivity appeared to parallel the focal increase of N-cadherin neuropil labeling within the pyramidal cell layers of CA3 and CA1 segments affected by neuronal cell loss. Similar to N-cadherin, no up-regulation of ␤-catenin was seen in the DG inner molecular layer despite pronounced recurrent mossy fiber sprouting into this area (Fig. 6B) .
␣-Catenin Immunoreactivity is Regulated in
Parallel to ␤-Catenin
In general, the distribution of ␣-catenin immunoreactivity was virtually identical to ␤-catenin (data not shown): In naïve and sham control animals, all hippocampal regions showed weakly stained neuronal cell bodies and nuclei, while the neuropil was moderately labeled. In the hippocampi of animals with pilocarpine-induced SE and neuron loss, focally enhanced ␣-catenin immunoreactivity was seen in the neuropil of segments of the CA3 and CA1 pyramidal cell layer with neuron loss.
DISCUSSION
In this study, we have examined the expression of Ncadherin, E-cadherin, ␤-catenin, and ␣-catenin following pilocarpine-induced SE. In this model, SE causes a characteristic hippocampal lesion consisting of selective neuronal cell loss in the hilus, CA3, and CA1 subregions. As hilar and CA3 neurons are main targets of mossy fibers, destruction of these target neurons leads to highly reproducible and consistent sprouting of mossy fibers both into the CA3 region as well as recurrently into the DG inner molecular layer (18) (19) (20) . This model may be used to study the molecular basis of axonal reorganization and sprouting within the adult brain (19, 25) . In the present study, we demonstrate that E-and N-cadherin are regulated with different spatiotemporal patterns following pilocarpine-induced SE. Focal up-regulation of N-cadherin appears to be accompanied by a corresponding upregulation of the binding partners ␤-and ␣-catenin.
Expression of Cadherins and Catenins in the Normal Hippocampus
During development, the brain expresses several cadherins that mediate axonal navigation, axon target recognition and, finally, synapse formation. The differential expression and distribution of cadherin isotypes, together with their preferentially homophilic binding properties, appear to form the basis for selectivity in targeting and locking-in of synaptic connections in the developing brain (11) . In the mature hippocampus, the 2 classic cadherins N-and E-cadherin have been shown to be differentially distributed at synaptic sites, the expression of each cadherin being restricted to a definite subset of hippocampal synapses (15) . Our examination of the N-and E-cadherin immunoreactivity patterns in the CA3 region supports this notion: while N-cadherin staining was less intense in the stratum lucidum compared to the stratum lacunosum-moleculare, the opposite pattern was observed for E-cadherin. Thus, different input pathways onto CA3 pyramidal neurons (i.e. mossy fibers and associationalcommissural fibers) appear to be associated with different types of cadherins, supporting the idea that synaptic specificity in the adult brain may be maintained by differential expression of cadherins (11) .
Staining of catenins in the normal hippocampus was diffuse. This is not surprising since binding and clustering of ␤-and ␣-catenin at cadherin intracellular domains are common to all classic cadherin-mediated junctions and are required for adhesion (7, (26) (27) (28) . Thus, the levels of catenins most probably reflect the summed expression of the different cadherin isoforms. In the brain, ␣-and ␤-catenin have both been localized to the synaptic junctional complex and are known to associate with N-and E-cadherin (17, 29, 30) .
Expression of Cadherins and Catenins in the Hippocampus with Reactive Axonal Sprouting
In the present study, we have systematically analyzed cadherin and catenin immunoreactivity patterns, as well as hippocampal mossy fiber sprouting at 3 to 60 days after pilocarpine-induced SE. This analysis has allowed Figure 3A (sham control rat, A) and of CA1 in Figure 3B (pilocarpine-injected rat killed at day 30 after SE, B). Note the focal increase of N-cadherin staining in the neuropil of the pyramidal cell layer in the CA1 segment affected by neuronal cell loss. C, D: E-cadherin: magnified views of CA1 in Figure 5A (sham control rat, C) and of CA1 in Figure 5B (pilocarpine-injected rat killed at day 30 after SE, D). Note the up-regulation of E-cadherin immunoreactivity in the soma of surviving CA1 neurons. E, F: ␤-catenin: magnified views of CA1 in Figure 6A (sham control rat, E) and of CA1 in Figure 6B (pilocarpine-injected rat killed at day 30 after SE, F). Note the focal up-regulation of ␤-catenin staining in the neuropil of the pyramidal cell layer in the CA1 segment with pronounced neuron loss. Scale bar in F ϭ 20 m.
us to determine the changes in cadherin/catenin levels in relation to the development of neuronal cell loss as well as reactive mossy fiber sprouting.
In the CA3 region, the first changes observed after SE were a persistent down-regulation of E-cadherin in the neuropil and a persistent up-regulation of E-cadherin in pyramidal cell bodies already at the earliest stages after SE that were investigated (3 days after SE). In addition, at early timepoints (day 3 and day 6 after SE), transient up-regulation of N-cadherin occurred in hilar and CA3 neuronal cell bodies, which was never seen in groups killed at later timepoints after SE. Generally, the first evidence of mossy fiber sprouting into the CA3 pyramidal cell layer was seen at 6 days following SE. This was associated with an up-regulation of N-cadherin within the CA3 neuropil. With increasing neuronal cell loss and mossy fiber sprouting in CA3 (starting from 10 days after SE), a focal up-regulation of N-cadherin and its binding partners ␣-and ␤-catenin within the neuropil of the CA3 pyramidal cell layer was noted. Our results are in agreement with a recent study by Fujita et al (31) demonstrating increased expression of N-cadherin protein in surviving CA1/CA3 neurons early after kainate-induced SE. As an interesting consequence of the regulation in N-and Ecadherin abundance within the CA3 region, the differential pattern of N-and E-cadherin expression in stratum lucidum and stratum lacunosum-moleculare, which results in a sharp demarcation between these subregions, is In CA3, a clear demarcation between the more intensely stained stratum lucidum and the stratum lacunosum-moleculare is found (arrowheads). B: Hippocampus of a pilocarpine-treated rat with pronounced loss of CA3 and CA1 neurons killed at day 30 after SE. Vascular endothelial cells are strongly immunoreactive. Compared to controls, staining intensity of the neuropil is generally reduced, which is particularly conspicuous in the neuropil of the dentate gyrus molecular layer, hilus, and CA3 stratum lucidum. The border between stratum lucidum and stratum lacunosum-moleculare is no longer detectable in those segments of CA3 with neuronal cell loss. Note the up-regulation of E-cadherin labeling in surviving CA3 and CA1 neurons. C: Magnified view of the CA3 pyramidal cell layer in (A), control. D-G: Pilocarpine-injected rats killed at day 3 (D), day 6 (E), day 10 (F), and day 30 (G) after SE. Note the reduction of neuropil staining intensity and the up-regulation of E-cadherin labeling in the soma of surviving CA3 neurons. H: Densitometric analysis of E-cadherin immunoreactivity intensities in the CA3 neuropil of the stratum lucidum and adjacent stratum lacunosum. Bar graphs express mean Ϯ SEM. The asterisk refers to the level of significance (* p Ͻ 0.05; two-tailed Student t-test). Beginning from day 3 after SE, neuropil staining of the stratum lucidum is markedly reduced, resulting in staining intensities similar to the adjacent stratum lacunosum. Thus, the border between stratum lucidum and stratum lacunosum disappears. Scale bars: B ϭ 1 mm; G ϭ 20 m. eventually lost following SE. If differential expression of these molecules is indeed important to maintain synaptic specificity within the adult brain, loss of this differential expression might have important implications for targeting of both preexisting synapses and synapses newly formed after SE.
In contrast to the changes in cadherin/catenin expression seen in the CA3 region, expression of N-cadherin and the catenins was unaltered in the DG molecular layer. This lack of regulation was surprising in view of the robust mossy fiber sprouting that is demonstrably present within the DG inner molecular layer. In fact, visualization of the mossy fiber axons by Timm's staining revealed a higher density of dark granular silver deposits in the DG inner molecular layer compared to the CA3 pyramidal cell layer. In this context, it is interesting to note that the CA3 stratum lucidum of control animals, where mossy fibers are abundant, was less intensely stained for Ncadherin than the adjacent stratum lacunosum-moleculare, while N-cadherin immunoreactivity was markedly up-regulated focally in segments of the CA3 pyramidal cell layer affected by SE-induced neuronal cell loss and mossy fiber sprouting. Taken together, these observations imply that, compared to mossy fibers of control animals, aberrant mossy fibers within the CA3 pyramidal cell layer increase their expression levels for N-cadherin and become strongly associated with N-cadherin/catenin complexes, while recurrent mossy fibers within the DG molecular layer do not. Because the same neurons give rise to aberrant mossy fiber synapses within the CA3 region and the DG molecular layer, these findings suggest that expression of cadherins at synaptic junctional complexes may be dependent on the synaptic target.
Finally, it cannot be excluded that, although our findings show a definite spatiotemporal relationship between aberrant mossy fiber sprouting into the CA3 pyramidal cell layer and regulation of N-cadherin, ␤-catenin, and ␣-catenin immunoreactivity, these alterations in cadherin/ catenin expression might also reflect changes in synaptic connections of local circuit neurons rather than of mossy fibers. Future studies at an ultrastructural level will help to clarify this issue.
In summary, we report a distinctive spatiotemporal pattern of regulation for N-cadherin, ␤-catenin, and ␣-catenin that is associated with SE-induced mossy fiber sprouting within the CA3 region, but not within the DG molecular layer. Our data suggest that these molecules may be involved in the formation of specific aberrant connections after brain injury. This study has taken advantage of a well-described, lesion-induced sprouting pattern of a clearly defined fiber system, the hippocampal mossy fibers, and thus serves as a good starting point for the analysis of the role of cadherins/catenins in the formation of new synaptic contacts after lesions in the CNS. Future studies of different fiber systems in various lesioned brain areas will add to our knowledge of the role of specific cadherin/catenin family members in the formation of new synapses. Nevertheless, our findings offer fundamental implications for the understanding of factors controlling reactive axonal sprouting and synapse formation in the diseased adult brain. Knowledge of such factors may offer a perspective for therapeutic intervention following brain injury aimed at inhibiting aberrant reorganization.
